The effect of sintering process on the microstructure and the mechanical properties of aluminum syntactic foam were investigated in this study. Two different sintering processes of spark plasma sintering and hot pressing were used. Glass hollow spheres with a size of 50-80 µm was used to fabricate the foams having various volume fractions of the spheres in the range of 10-30%. Microstructural analysis revealed that the glass hollow spheres were uniformly distributed in the aluminum matrix, both in the spark plasma sintered and hot pressed ones. As the volume fraction of the spheres increased from 10 to 30%, the density, micro-hardness and compressive strength of the foams were decreased. In comparison to the foams fabricated by hot pressing method, the spark plasma sintered foams had slightly lower density and mechanical strength. In nanoindentation study, it was found that the aluminum matrix in the foam prepared by the spark plasma sintering process had lower strength than foam prepared by the hot pressing process. This is likely because of shorter sintering time used in the spark plasma sintering process than the hot pressing.
Introduction
Metal syntactic foams are novel composite materials that have controlled voids in their microstructure by embedding glass hollow spheres (GHSs) in the metal matrix. Because of their unique microstructures, they have low density, excellent specific mechanical strength and energy absorption behavior compared to the ordinary metallic materials. Among the various types of metal matrix syntactic foams, aluminum syntactic foams (ASFs) are much lighter compared to the iron-based foams and potentially be used as new materials for light-weight structural components in automobile, marine and aerospace industries [1, 2] .
One of the easiest methods of fabricating the ASFs is infiltration or stir, followed by casting [3] [4] [5] . However, the commercial applications of these methods have been often restricted by their intrinsic limitations of casting. For instance, Hashim et al. [6] reported that ASF manufactured by stirring casting has chemical reactions between the GHS and the matrix alloy. Monddal et al. [7] reported that infiltration casting has a limitation of infiltration thickness and thus, only small size syntactic foam could be prepared through this technique. Karbalaei et al. [8] reported that ASF manufactured by stirring casting has poor wettability and heterogeneous distribution of the GHS. Vogiatzis et al. [9] reported that the infiltration casting has a difficulty of producing metallic foams with a different volume fraction of GHS. They also pointed out that a significant amount of GHS can easily be broken or filled with matrix during the infiltration process. To overcome these problems, some recent studies have devoted to fabricate ASFs though powder metallurgy route [9] [10] [11] [12] . As an example, Vogiatzis et al. [12] investigated to macro and micro structural characteristics, compressive strength and deformation mechanisms of syntactic foams produced by powder metallurgy route at hot pressing (HP) sintering.
In powder metallurgy, materials are mostly produced by HP or Pressure-Less Sintering (PLS) to produce full dense composites. In PLS, parameters, such as low heating rate, higher sintering temperature and long holding time help to fabricate fully dense materials. However, longer holding time and high sintering temperature also lead to coarse grains at the final microstructure, resulting in low mechanical properties. The density and mechanical properties of composites are found to be generally higher in HP than in PLS [13] . On the other hand, spark plasma sintering (SPS) process has lower sintering temperature, short sintering time and higher heating rates than PLS or HP [14, 15] . By the high energy plasma that is generated during the process between unconsolidated powders, the dense oxide film on the surface of Aluminum (Al) powder can be easily broken during the SPS process. To the best of the author's knowledge, microstructure and properties of the ASFs fabricated by the HP and SPS process has not been reported in the literature, although these processes are advantageous by the shorter processing time and reliable mechanical properties compared to the PLS [14] . This study aims to investigate the microstructure and mechanical properties of the ASF manufactured by HP and SPS process. The sintering behaviors of the ASFs using the HP and the SPS were investigated in terms of sintering temperature and holding time as well as sintering pressure. The compressive strength, hardness and local deformation behaviors of the ASFs were studied for the foams having different volume fractions of the GHSs, and the results were discussed along with their microstructures.
Experimental Procedure
Commercial grade pure Al powder (purity = 99.7%, average particle size = 5 µm) was used as a raw powder for the matrix. Soda lime borosilicate GHS with an average particle size of 50-80µm (24Si-0.2Na-0.1K-16Ca-0.7Mg-0.1 Fe-2.6B-41.4O wt.%, S38HS, 3M TM , United State) was selected for the reinforcing material. The size ratio of the powders between the Al and the GHS were carefully selected to avoid GHS agglomeration by surrounding the GHS with small Al powder. The powders were mixed with volume ratios of 90:10, 80:20 and 70:30 by mechanical mixing. Figure 1 schematically shows the mixing method of the Al and GHS powders. To prepare green bodies, the powders were made in a slurry form by mixing 3 mL of heptane and 6 mL of alcohol for temporarily binding 4.92 g, 4.83 g and 4.71 g of Al and 0.07 g, 0.16 g and 0.28 g of GHS powders. The slurry was then pressed by 30 MPa in a steel mold to fabricate the green bodies. Then the green body was dried in an oven (80 • C for 3 hours) to vaporize the alcohol. Sintering was done in a graphite mold, in both the HP and the SPS processes (SPS-321LX, Fuji Electronic Industrial Co. Ltd., Tsurugashima, Japan). The sintering pressure was fixed to 30 MPa for all the experiments, because preliminary tests with various compact pressure to prepare the green body showed that the breakage of the GHS occurred at a pressure higher than 30 MPa. Table 1 summarizes the sintering behaviors of foams according to various sintering temperatures and holding times. The main results can be summarized as follows:
(1) Among the temperature range tested, the sintering temperature of 600 • C was the best for the HP process. When the sintering temperature is lowered to 550 • C, there was not enough bonding between the Al powders during the sintering process. Significant damage of the GHS occurred when higher sintering temperature of 650 • C was used. (2) In the case of the SPS process, both the sintering temperature and the holding time could be significantly reduced compared to the HP process. The sintering temperature of 550 • C with holding time of 15min was the best for the SPS process. Increasing the holding time to 30 min when keeping sintering temperature, the same significantly increased the final density of the foams, due to the softening of the GHS. Similar behavior was observed when the sintering temperature was raised to 600 • C.
Therefore, for the HP process, the processing parameters for producing the samples were chosen by the holding time of 1hour and the sintering temperature of 600 • C. For the SPS process, the holding time of 15 min and the sintering temperature of 550 • C were chosen. The relative density of sintered specimens was measured by the Archimedes method. Microstructures of the specimens were investigated by Optical Microscopy (OM, Leica DM 2700M RL/TL, Leica, Wetzlar, Germany) and Scanning Electron Microscope (SEM, S-4800, Hitachi, Tokyo, Japan). The mechanical properties of the sintered specimens were evaluated by uniaxial compressive tests (Keitnley US/2400 R&B Korea, Korea). The compressive tests were carried out three times for each of the ASF specimens containing 10, 20 and 30 vol.% fabricated by HP and SPS sintering process at a strain of 10 −3 s −1 on a rectangular specimen of a volume of 3 × 3 × 6 mm. The localized mechanical properties of the specimens were also investigated by the micro hardness tests (HMV-2T, Shimadzu, Kyoto, Japan) and nano-indentation (Anton paar NHT2, Anton paar, Auckland, New Zealand). Figure 2 shows the evolutions of the relative densities of the ASFs with increasing volumes of GHSs. The densities were measured from local parts from the bottom, middle, and top of each sample, and it was found that the density was uniform throughout for every specimen tested. The density decreased with increasing the GHS volume fraction. The theoretical density, D comp , of the ASF can be predicted using the following equations.
Results and Discussions
where D GHS and D Al denote the true densities of the GHS and the Al, respectively. V GHS and V Al are volume fractions of the GHS and Al, respectively. Values for the true densities of the GHS and the Al are taken as listed in Table 2 for the calculations. The theoretical density of ASF calculated by Equation (1) is shown in Figure 2 for comparison. Specimens without GHSs (100% Al) have a relative density of 95% and 91%, compared to the theoretical density, for the HP and SPS, respectively. In these cases, the difference between the theoretical and the relative densities of the specimens can be explained by formations of unintended micro porosity, due to insufficient bonding between Al particles during the sintering process. As the volume fraction of the GHS increased, the relative density decreased sharply both in the HPed and SPSed specimens. The ASFs containing 10 vol.% GHS have a relative density close to 100% of the theoretical density for specimens prepared by the HP, and 97% for the specimens prepared by the SPS. When the volume fraction of the GHS increased to 20 and 30%, the relative density becomes slightly higher than the theoretical densities. This increase can be attributed to the pore volume reductions as Al powder filled in the damaged GHSs during the sintering processes [16, 17] . It was found that the ASF fabricated by the HP process has relative densities generally higher than the ASF fabricated by the SPS process. The reason why the ASF fabricated by the HP process is denser than the ASF fabricated by the SPS process is thought to be from denser Al matrix than in the SPS process, since there was no microstructural evidence that more broken GHS exists in the foams fabricated by the HP process than in the samples fabricated by the SPS. Figure 3 shows the microstructures of the sintered specimen fabricated by the HP and SPS process. In the both samples fabricated by the HP and the SPS process, GHSs were homogenously distributed inside the ASFs. In the HPed specimen, most of the GHS remains in a circular shape after the sintering process. However, in the SPSed specimen, most of the GHS particles became elliptical shapes during the process. In order to compare statistically the shape of the GHS in the microstructures from the syntactic foam fabricated by the HP and the SPS, the ratio between the diameters of in the vertical and horizontal directions with respect to the pressing direction was analyzed by an image analysis software (I-solution DT, IMG Technology, Burnaby, Canada). The ratios of the largest 9 GHSs from each of 20 individual OM images with a magnification of 200× were characterized for the specimens having 30% GHS. Thus, in total, the ratios of 360 individual GHSs (i.e., 180 GHSs of the specimen fabricated by the HP and another 180 GHSs of the specimen fabricated by the SPS) were analyzed. The shape of the GHS was characterized as an elliptical when the aspect ratio was higher than 1.1, i.e., diameter in the direction horizontal to the pressing direction was larger than 110% of diameter in the vertical direction. The results indicated that the GHSs of the specimen produced by the HP process were 93% circular and 7% elliptical. The GHSs of the sample produced by the SPS process was 50% circular and 50% elliptical. Figure 4 shows closer looks of the GHSs after the sintering processes. In the figure, arrows A indicates the broken and perforated GHS by compaction pressures applied during the sintering process. Arrows B indicates the broken GHS partially filled with the Al powders. Arrows C indicate the deformation of GHS, due to broken and softening of GHS shells by increased local sintering temperature around the GHS. As shown in Figure 4a , the ASF fabricated by the HP process is characterized by fractured GHSs, due to the sintering pressure as indicated by the arrows A and B. The ASF fabricated by the SPS is characterized by the softened GHS shells as indicated by arrows C in Figure 3b . As indicated by Shi-XueSong et al. [18] , the sintering temperature can be locally further increased around the ceramic particles in the SPS process. Therefore, the shape change of the hollow body and the GHS shell thickness change occurred due to the local temperature increase around the shell of GHS. Figure 5 shows energy dispersive X-ray (EDX) line profiles of the chemical elements near the Al/GHS interface. As shown in Figure 5a , there is no pronounced diffusion of any element between the matrix and the GHS shell fabricated by the HP process. This result implied that simple mechanical bonding is occurred without any chemical process between the Al and the GHS during the HP process, by confining the GHS within the shrunk Al matrix during the cooling down to room temperature after the sintering process. Contrastingly, it is clearly shown in Figure 5b that Al has diffused into the GHS shell in the SPS process. This is interesting because the sintering temperature of 550 • C in the SPS is lower than the sintering temperature of 600 • C in the HP process. In general, the diffusion bonding is known to increase the interfacial strength of the reaction layer, due to the chemical reaction between the metal powder and the ceramic powder [19, 20] . Therefore, it is expected that the interface strength will be stronger than the foams fabricated by the HP process, due to the diffusion bonding into the GHS shell of the foam fabricated by the SPS process. Figure 6 shows the micro hardness of the sintered specimens fabricated by a different sintering process at various GHS fractions. The hardness of the ASF fabricated by the HP was higher than that of the ASF fabricated by SPS. This result is expected to increase the hardness by increasing the sintered density of the Al matrix of ASF fabricated by HP process. The hardness decreased sharply as the volume fraction of the GHS increased. This is perhaps from increasing the porosity of the foams as the GHS content increases. In general, compressive stress-strain curves of the syntactic foams could be divided into three stages [16, 21] . The initial stage is the pure elastic stage, which results in the closure of micro-pores in the matrix. The second stage is the plateau regions, where GHS breaking or collapse occurs, and shear failure begins between matrix and GHS at the same time. At the final stage, all the GHS are broken, and the densification of the Al matrix occurs when the load is uniform in the matrix. Figure 7 shows the compressive stress-strain curves for the specimens having different GHS volume fractions. To verify the reproducibility and repeatability of this study, three times repeated compressive tests were performed on each type of specimen. The three individual test results reproduced each other very well, and there was no meaningful difference in the compressive stress-strain curves. As the GHS volume fraction increases, the graph appears similar to the general compressive behavior of syntactic foam. As shown in Figure 7a , foams fabricated by HP process showed that the plateau region increased as the content of GHS increased. A similar trend was also observed in the foams fabricated by the SPS. When there was no GHS (pure Al), the HPed specimen showed much higher maximum compressive strain than that from the SPS. With GHS content of 10%, the foam fabricated by the HP process showed significantly lower maximum compressive strain compared to the case of the specimen having no GHS. The maximum compressive strain of the foams then increased with increasing the GHS contents, and when the GHS content was 30%, the maximum compressive strain of the foam was higher than the HPed Al without GHS. In contrast, the foams fabricated by the SPS process showed a sharp decrease in strength and much higher maximum compressive strain when 10% of GHS was introduced, compared to the case of the specimen having no GHS. In this case, the maximum compressive strains were slightly decreased with increasing the GHS contents, as shown in Figure 7b . For the specimens having the highest GHS contents of 30%, the plateau region was more clearly observed in the SPS than in the HP. This is likely because the foams fabricated by the SPS process has superior interfacial bonding between the GHS and the Al compared to those fabricated by the HP process, due to the diffusional process on the interface, as previously shown in Figure 5 . The better the interfacial strength is, the better the load transfer between the matrix and the GHS is, which can lead to homogeneous stress distribution and overall deformation during the compression. Figure 8 shows the specimens deformed structure after compressive test on specimens with a different GHS volume fraction. The compressive behaviors of all specimens tested were characterized by the brittle fracture with sharp stress drop occurring with the collapse of the structure or with shear crack formation. As can be seen in Figure 8 , the pure Al specimens produced by the HP and the SPS were collapsed with formations of small and many cracks inside, due to the stress localization, which is clearly indicated by the so-called 'barreling' effect, i.e., lateral expansion on the middle of the specimens during the collapse, as shown in Figure 8 . The specimens containing 10 and 20 vol.% GHS showed similar fracture behaviors to the pure Al specimens. When the GHS contents were increased to 30 vol.%, the fracture of the specimens occurred by the shear crack formations. Figure 9a shows the compressive yield strength and specific strength of ASF fabricated by a different sintering process. The compressive yield strength tends to decrease as the GHS content increase, both in the HP and the SPS processes. This behavior can be easily understood by considering that the GHS have a relatively low compressive strength than the sintered Al. The ASF made by the SPS tends to have a lower compressive yield strength than the ASF made by the HP process.
The theoretical Young's modulus in syntactic foams had been investigated recently by Maurizio et al. [22] , who proposed an analytical solution based on the rule of the mixture as follows:
where E asf is the theoretical Young's modulus of syntactic foam, E m and E g are the young's moduli of the Al and the GHS, respectively. υ m and υ g are the Poisson's ratios of the Al and the GHS. η denote the ratio of the inner and outer radii of the glass wall in the GHS. Table 3 lists the physical parameters for the Al and GHS used for calculating the theoretical Young's modulus of the ASF. ƒ E is a function given by:
where h k and h µ are parameters related to the shear and bulk moduli of the Al and GHS [22] . The theoretical moduli of the foams calculated by Equations (2) and (3) are plotted along with the experimental measurements in Figure 9b . In the experiments, the Young's moduli decreased both in the HP and SPS processed specimens as the GHS content increases. It is clearly observed that the foams fabricated by both the HP and SPS exhibit slightly lower elastic coefficients than the theoretical ones. One possible reason for this low moduli is the presence of fractured GHS fragments in the ASFs, which can cause insufficient bonding between the Al particles and reduce the modulus of elasticity [12] . Figure 10 shows indentation depths of the Al matrix and the GHS shell of the ASF with 30 vol.% GHS. Figure 10a shows indentation depth for the matrix fabricated by a different sintering process. The ASF sintered by the HP process has a lower indentation depth than the ASF sintered by the SPS process. This result is because the Al matrix of ASF fabricated by HP process is stronger than that Al matrix of ASF fabricated by SPS process. Figure 10b shows the difference in indentation depth of the GHS shell inside the ASF fabricated by the HP and SPS processes. The ASF fabricated by the two sintering processed has the same penetration depth curve and the indentation depth. These results indicate the strength of the glass wall in the GHS is retained during the SPS process even though there are locally high temperature and diffusional process. This indicates that the ASF fabricated by the SPS process is due to the strength of the Al matrix with lower mechanical properties than the ASF fabricated by the HP process. In this study, no more than 30% of GHS by volume was added to maintain the overall compressive strength of the syntactic foam to be suitable for use with GHS as a structural material. The higher volume fraction of GHS in the ASF may further reduce the density of the foam, but significantly reduce the strength. For instance, in the previous study by Vogiztzis et al. [12] , ASFs containing 20, 30 and 40 vol.% hollow sphere were produced using powder metallurgy. Ceramic cenospheres having better high-temperature resistance than the GHS was used for their study. The final densities of 0.83, 0.96 and 0.97 g/cm 3 and the compressive strengths of 27.9, 35.2 and 25.8 MPa were reported for the foams having 20, 30 and 40 vol.% cenospheres, respectively. It can be seen that the density was lower than the foams produced in this study, but the compressive strength was much lower than the values observed in this study. Tao and Zhao [3] fabricated an ASF containing hollow spheres up to 63 vol.% by infiltration process, but they should use high performance ceramic hollow spheres having high melting point to fabricate the foams by casting and infiltration. Luong et al. [23] also tried to fabricate an ASF containing 60 vol.% SiC hollow sphere by infiltration followed by the casting process. The final density of the foam in their study was 1.8 g/cm 3 , that is only slightly lower density compare to the foams made in this study with 30 vol.% GHS.
It is shown that the microstructure and mechanical properties of foams can be greatly modified by the sintering process. In the case of foams fabricated by the SPS process, the shape of the GHS inside the foam was changed as the local temperature around the GHS became close to the softening temperature. In addition, the interface strength, due to diffusion bonding into the softened GHS shell was further enhanced. The nanoindentation study showed that the strength of the matrix was higher in the ASF fabricated by HP process than the ASF fabricated by SPS process. This is likely because of higher densification in the HP process than the SPS, due to the longer sintering time. The GHS in the ASF fabricated by SPS process had ellipsoidal shapes, due to softening, but the mechanical strength of the glass wall was retained, i.e., the mechanical strength of the glass wall in the SPSed specimen was almost the same to that of the HPed one. By two different pressurized sintering processes used in this study, e.g., HP and SPS, it was able to obtain sound foams having up to 30% of GHS at around 550-600 • C. These processing temperatures are much lower than the temperature required in the conventional casting fabrication process of the ASFs, which is around 730-850 • C [24, 25] . The low processing temperature used in this study enabled to have the controllable shape of the pores in the ASF, as most of the GHS in the foams remained unbroken during the process. This controlled microstructure seems to make the HP and SPS processes attractive to fabricate structural materials with high reliability. The short processing times of 0.5 to 1 h required in the pressurized sintering processes are perhaps another advantage to obtain better productivity of the material.
Conclusions

1.
By pressurized sintering processes of hot pressing and spark plasma sintering, aluminum syntactic foams with volume fractions of glass hollow microspheres up to 30% could be successfully fabricated. The pressurized sintering processes were characterized by short sintering time and low sintering temperatures. In the case of hot pressing, fully dense foams could be fabricated at a sintering temperature of 600 • C with a sintering time of 1 h. Spark plasma sintering process enabled fabricating near fully dense foams with even lower sintering temperature of 550 • C and very short sintering time of 15 min.
2.
In the microstructure, some fractured microspheres were observed during the process in both the hot pressing and spark plasma sintering. The fracture of the microspheres seems to be occurred by the pressure applied during the sintering processes. Unbroken microspheres in the hot pressed foam remained in spherical shape, while those in the spark plasma sintered foam became ellipsoidal, due to softening of the glass shell. The deformation of the microsphere in the spark plasma sintered foam is probably, due to local temperature increments around the glass hollow spheres during the sintering process by the plasma.
3.
In the case of hot pressing, there was almost no chemical interaction on interfaces between the aluminum matrix and the microspheres. Whereas, the pronounced diffusional process occurred at the interfaces in the foams fabricated by the spark plasma sintering even though lower sintering temperature than the hot pressing was used. This result indicates that the aluminum syntactic foams fabricated by spark plasma sintering has a stronger interfacial strength of the reaction layer than the aluminum syntactic foams fabricated by hot pressing process, due to diffusion bonding. 4.
The aluminum syntactic foams fabricated by spark plasma sintering process had slightly lower hardness and compressive strength than the foams fabricated by hot pressing. Nanoindentation results showed that the main reason for the lower strength of the spark plasma sintered foam is lower strength of aluminum matrix in the spark plasma sintered foam than in the hot pressed one. On the other hand, the maximum compressive strain was higher in the spark plasma sintered foam than those fabricated by hot pressing process, due to the strong chemical bonding at the interfaces between the microsphere and the aluminum matrix.
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